The Atlantic multidecadal variability (AMV) is known to affect the central to eastern (C-E) European summer climate through an associated atmospheric baroclinic response called North-Atlantic-European East West mode as demonstrated in the twentieth century reanalysis (20CRv2). Here, using the atmospheric model ECHAM6.3, we perform sensitivity experiments with prescribed sea surface temperature (SST) anomalies that are representative of the observed positive and the negative AMV phases and investigate the model response to the observed AMV pattern for European summer climate. The results from the experiments reveal that in the negative phase of AMV, the North-Atlantic-European (NAE) climate is mainly governed by the extra-tropical branch of the AMV through a baroclinic-like response. This response brings negative surface air temperature (SAT) anomalies over C-E Europe. The response and its influence are similar to what is found in the 20CRv2. In contrast, in the positive phase of the AMV, the NAE climate in the model experiments is mainly influenced by the tropical branch of the AMV. A stationary Rossby wave response excited in the tropics is associated with negative SAT anomalies over C-E Europe, which is opposite to what is found in the 20CRv2. The model response from the tropical part of the AMV SST is unlikely to be realistic due to the lack of coupled air-sea interaction, when SST is specified. Hence, the results demonstrate that ECHAM6.3 can simulate the observed linear baroclinic response, but only in the negative phase of the AMV. For the positive phase, in agreement with the previous findings, the model response is very sensitive to the tropical branch of the AMV and unrealistic.
Introduction
Using the twentieth century reanalysis (20CRv2) (Compo et al. 2011) , the observed atmospheric pathway between Atlantic multidecadal variability (AMV) and central to eastern (C-E) European summer (June-August, JJA) climate has been identified by an east-west wave like sealevel pressure (SLP) pattern, named North-Atlantic-European East West (NEW) mode (Ghosh et al. 2017) . These authors showed that the diabatic heating in the north-western Atlantic Ocean induces a linear baroclinic response with a low-pressure anomaly east of the heating and an east-west wave like response associated with it, which they refer as the NEW mode. The NEW mode affects the European climate by favoring blocking-like situation over the C-E Europe in the positive AMV phase and vice-verse. Other studies also identify the same observed atmospheric pathway from AMV, which eventually affects the European as well as the rest of the northern hemispheric land-surface temperature on decadal time scales (Wu et al. 2016a, b) . Here, we investigate the atmospheric pathway between AMV and European summer climate in an atmospheric model, ECHAM6.3 and examine to what extent the model response can replicate the characteristics of the observed NEW mode.
Some previous studies suggest that the summer atmospheric response to AMV is similar to the winter response (Terray and Cassou 2002; Davini et al. 2015) . Their suggested response to the positive phase of AMV in winter is related to the stationary Rossby wave generation from the diabatic heating in the western tropical Atlantic, which increases the transient eddy feedback to the mean flow and 1 3
shifts the mean position of the mid-latitude storm track equator-ward. The alteration of the mean storm track position influences the climate over the North Atlantic-European (NAE) region. However, a recent study based on 20CRv2 shows that the eddy activity is much weaker in summer than in winter (Ghosh et al. 2017) .
Regarding the summer response, many studies focused mainly on the impact of the tropical branch of the AMV on the surrounding continents (Sutton and Hodson 2007; Hodson et al. 2010) . As an example Hodson et al. (2010) used five atmospheric general circulation models (GCMs) and performed idealized simulations with the forcing of averaged positive and negative phases of AMV SST anomalies. The simulations are different from the previous idealized simulations in using seasonally varying AMV SST anomalies such as Rodwell et al. (1999) . Hodson et al. (2010) revealed a consistent impact from the tropical branch of the AMV on the northern part of South America and on the United States. The response was attributed to a combination of the off-equatorial Gill-type response to diabatic heating over the western tropical Atlantic due to increased precipitation (Gill 1980 ) and the northward shift of the Inter-tropical Convergence Zone (ITCZ) due to an anomalous cross-equatorial SST gradient. The off-equatorial Gill-type response to diabatic heating is the reason for the stationary Rossby wave generation in the tropics, which propagates to the extra-tropics and influences the mid-latitude summer climate. However, Hodson et al. (2010) did not show any robust relation between AMV and NAE climate and specifically European summer climate from their simulations.
Regardless of the model results from the tropical AMV forced experiments, it should be noted that the response from the SST forced experiments is only valid when the SST is ocean driven. There is growing evidence of the tropical part of the AMV being atmosphere driven (Brown et al. 2016; Yuan et al. 2016; Greatbatch 2016, 2017) . The cloud radiative feedback is suggested to be the main driver of the tropical part of the AMV (Brown et al. 2016) . The weakened trade wind in response to the warm extra-tropical part of the AMV reduces the low cloud fraction and brings warmer AMV SST over the tropics (Yuan et al. 2016) . Therefore, prescribing the tropical part of the AMV could lead to unrealistic responses and might affect the response from other part of the AMV.
Other studies indeed found a linear baroclinic response from the diabatic heating of the extra-tropical Atlantic ocean in the idealized model simulations and also from a limited observational record (Hoskins and Karoly 1981; Kushnir 1994; Kushnir and Held 1996) . According to their findings, following a linear quasi-geostrophic theory, a shallow diabatic heating from the midlatitude SST anomalies can induce a surface low east of the heating region as baroclinic response (Hoskins and Karoly 1981) . Further, a similar response is found for the interdecadal variations of the SST in the extratropical Atlantic ocean over all seasons from limited observational record (Kushnir 1994) . Additionally, the atmospheric GCM experiment with prescribed SST anomalies over the extra-tropical Atlantic Ocean showed similar results (Kushnir and Held 1996) . However, their response was much weaker than observed. On top of that, forcing the model with the tropical part of the North Atlantic SST anomalies, which are atmosphere driven, could influence the characteristic of the response over the NAE region in an unrealistic way. This motivates us to further investigate the model response from the summer AMV and its link to the European climate, by performing well designed Atmospheric Model Inter-comparison Project (AMIP)-type experiments.
The AMIP-type experiments with AMV forcing have previously been performed to study the atmospheric response during summer Hodson 2005, 2007) . Those experiments are conducted with the AMV forcing separately applied to the tropical, extra-tropical and combined for both the positive and the negative AMV phases. Over the mid-latitude region, the results from those experiments have shown an equivalent barotropic vertical structure of the geopotential height in the positive AMV phase and a baroclinic structure in the negative AMV phase. This indicates an overall nonlinear response to AMV over the NAE region. The positive phase response is indicated to be linked with the stationary Rossby wave emanating from the tropical part of the AMV. However, the negative phase response was not attributed to any mechanism, which we hypothesize as the observed baroclinic response from mid-latitude AMV [the NEW mode as shown in Ghosh et al. (2017) ]. However, a rigorous analysis is still lacking to plausibly confirm our hypothesis about the model responses for the positive and negative phases of the AMV over the NAE region and especially over Europe. Hence, here we investigate the model response from the AMV in the positive and negative phases and compare it with 20CRv2 to understand if the model can simulate the observed response. If it can, then we try to figure out if the mechanism is similar to the proposed mechanism from 20CRv2 in Ghosh et al. (2017) . If it can not, then we try to figure out what are the responses in the model that manifests differently than in 20CRv2. These responses can be related to the atmospheric model constraints from the lack of interactive SST and also could be due to the model biases. Altogether, through this thorough analysis of the model responses to the AMV over the NAE region, we can provide more insight about to which extent an atmospheric model can reproduce the observed pathways from AMV to European summer climate.
The details of all the AMIP-type experiments and the methods applied to analyze the outcomes can be found in Sect. 2. The SAT response over Europe from all the experiments are described in Sect. 3.1. The corresponding atmospheric pathways from the North Atlantic negative and positive AMV SST anomalies to the European SAT anomalies are explained in Sects. 3.2 and 3.3, respectively. Section 4 consists of a discussion of the results found in the experiments and the summary of all the main results from our study is provided in Sect. 5.
Experiments and methods
The atmospheric component of the MPI-ESM, ECHAM6.3 is used for the sensitivity experiments. We use the low resolution (LR) version of the model with spectral resolution of T63 (92 × 196 grid points per lat/lon) and 47 vertical levels. A control simulation is performed, which is forced by global climatology of monthly-mean SSTs and sea-ice concentrations. The climatology is derived from the Hadley Center Sea Ice and Sea Surface Temperature (HadISST) data set over the period 1979 -2008 (Rayner et al. 2003 . The simulation is integrated for 50 model years, where the observed climatological SST forcing has been repeated every year. Hence, the 50 years of simulations can be considered as 50 sample members.
Next, six sensitivity experiments are performed, where the monthly AMV-like SST anomaly patterns are added on top of the monthly climatological SST. The monthly AMVlike SST anomaly patterns are prepared using the HadISST data, spanning from 1870 to 2014. First, we constructed the AMV index for each month. The monthly AMV index is defined as the 11-year running mean time series of the monthly averaged, detrended North Atlantic SST anomalies over the region 35
• N-50
• N. This region is selected as a representative of the AMV index, following the study of Gulev et al. (2013) . Further, the monthly AMV SST anomaly patterns are constructed by making positive and negative composites over the North Atlantic Ocean, based on the monthly AMV index. The positive and negative composites are the averaged, detrended SST anomaly states of all those years, when the AMV index was above and below + 1 and − 1 standard deviation, respectively. They are referred to as the AMV positive and negative phases in the experiments (Fig. 1) .
We choose a specific region for each AMV sensitivity experiment. The AMV SST anomaly pattern has first been applied from 0
• latitude to 60
• N, referred to as ENTIRE hereafter. Due to the presence and variations of the prescribed monthly climatological sea ice, we mask out the regions further than 60
• N by applying zero weighting. The AMV SST anomaly pattern is then multiplied by a factor of 2 to increase the signal to noise. To compare simulated fields with observations, model output is scaled by a factor of 1/2, again. This procedure is in line with the previous studies, where the anomaly patterns are inflated from their observed values Hodson 2005, 2007) . The averaged summer AMV SST anomaly pattern for the positive and negative phases are shown in Fig. 1a, d .
To understand which part of the AMV has a greater impact on the NAE climate, further experiments are conducted by adding the AMV pattern only over the extratropical North Atlantic (30
• N-60
• N, EXTRA-TROP) and the tropical North Atlantic (0 • -30
• N, TROP), respectively. The respective AMV SST anomaly patterns used for the summer months over the EXTRA-TROP and TROP case for both positive and negative phases are shown in Fig. 1b , c, e and f. For continuity in the SST pattern, a smoothing is applied at the northern and southern edges of the added AMV pattern in all the experiments. The SSTs are smoothed by computing the weighted mean of each grid point at the edge (with weight 1.0) with its eight surrounding grid points, where the points above, below and aside are weighted 0.5 and the points at the corners are weighted 0.3. Each of these experiments is conducted for 50 model years where for each year, the same monthly AMV SST anomaly imposed global monthly climatological SST pattern is repeated. The essential details of these experiments are given in Table 1 .
The atmospheric response of a quantity to the AMV SST anomaly is defined as the difference of the time-average of the quantity in an AMV forced experiment and the timeaverage of the quantity in the control experiment. Here the time average is solely performed for the summer months (JJA). Further, we perform a Student's t-test on 95% confidence level at each grid point to estimate the significance of the atmospheric response in the AMV forced experiment.
In our analysis, the Rossby wave response over the midlatitudes are confirmed by using the Rossby wave source (RWS) diagnostic following Sardeshmukh and Hoskins (1988) . The RWS is derived from horizontal velocity using the following equation where denotes the absolute vorticity and is the divergent components of the horizontal wind . The RWS peaks at around 200 hPa and calculating the RWS from monthly rather than daily wind velocities makes no impact on the seasonal means (Scaife et al. 2017 ). Hence we derived the RWS from the monthly 200 hPa wind velocities and further calculated the summer mean response.
The 20CRv2 has been used to evaluate the simulated atmospheric response from the positive and negative AMV forced experiments. In the 20CRv2, the time series of the first empirical orthogonal function (EOF) of the summer 2 m air temperature (11 year running mean) over the C-E European region (35
• N-75
• N and 20 Ghosh et al. (2017) . It is shown that the observed C-E European SAT index is very similar to the observed summer AMV index (Ghosh et al. 2017 ). Due to this close association, the composites are constructed using the C-E European SAT index are the same as the composites from the summer AMV index. Therefore to be consistent with the analysis shown from 20CRv2 in Ghosh et al. (2017) , the AMV positive and negative phase composites in 20CRv2 have been constructed using the observed C-E European SAT index. The positive and negative AMV phase Table 1 The details of the sensitivity experiments conducted using the atmospheric model ECHAM6.3
The composites are defined as the average anomalous response of those years, when the observed C-E European SAT index is above and below the zero line, respectively.
Results

Surface air temperature
The SAT response in the 20CRv2, ENTIRE, EXTRA-TROP and TROP experiments for both positive and negative phases are shown in Fig. 2a -h. For the negative AMV phase, the ENTIRE experiment shows negative SAT anomalies over the C-E European region (Fig. 2c ). During this phase, the response is similar to what we expect from the observations (Fig. 2a) . However, the model SAT responses seem to be weaker in amplitude than in observations. This is due to the fact that models in general simulate weaker atmospheric response from the SST anomalies than in the observations. The EXTRA-TROP experiment also displays similar negative SAT anomaly response over the C-E Europe with the same amplitude as in the ENTIRE experiment (Fig. 2d) . Likewise the TROP experiment shows negative SAT anomaly response, which is however not significant (Fig. 2e) . Hence in the negative AMV phase, the response over C-E Europe in the model resembles the observed response and it might be emerging from the extra-tropical branch of the AMV SST anomaly. For the positive AMV phase of the ENTIRE experiment, the C-E European region displays negative SAT anomalies (Fig. 2f) . This response is entirely opposite to what we have expected from the observational study in Ghosh et al. (2017) (Fig. 2b) . In the TROP experiment, we find a similar strong negative SAT anomaly over the C-E European region (Fig. 2h) . The EXTRA-TROP experiment also shows negative SAT anomaly response over C-E Europe (Fig. 2g) . However, it is much smaller in amplitude than the response in the TROP experiment. These results imply that for the positive AMV phase, the response in the model over the C-E Europe is opposite to what is observed and the main contributor is the tropical branch of the AMV.
We now further investigate the atmospheric pathways for the negative and then the positive phase for all the experiments to identify the responses and understand the characteristics of the processes related to the response.
Atmospheric pathway during the negative AMV phase
Sea level pressure
The response in the negative phase composite with respect to C-E European SAT index derived from the 20CRv2 is shown in Fig. 3a . Further, the SLP responses in the ENTIRE, EXTRA-TROP and TROP experiments for the negative AMV phase are shown in Fig. 3b-d . For the ENTIRE experiment, we find a significant presence of a surface high over the north-eastern Atlantic Ocean (Fig. 3b) . In case of the EXTRA-TROP experiment, there is a significant and intense surface high pressure anomaly centered over the same location as in the ENTIRE experiment, which encompasses its influence over the NAE region (Fig. 3c) . Moreover, the position and structure of this high is very similar to the high pressure anomaly in 20CRv2 negative phase response (Fig. 3a) . Hence, the close resemblance of the high SLP anomaly in the EXTRA-TROP experiment with the negative AMV phase SLP response in 20CRv2 suggests that the model is able to simulate the observed response to extra-tropical AMV SST anomalies, the NEW mode, during the negative phase. On the contrary, in the TROP experiment there is a weak high pressure anomaly over the tropical region and no significant SLP anomalies are found over the extra-tropical Atlantic as well as over European region (Fig. 3d ). This indicates that the response from the extratropical AMV SST anomalies is clearly playing the main role over the NAE region in the negative AMV phase of the model, supporting the observed mechanism in 20CRv2.
Vertical structure of the geopotential height and temperature advection
To confirm that the surface high in the negative AMV phase EXTRA-TROP experiment is indeed the observed NEW mode, we examine whether the vertical structure of the high pressure anomaly has a baroclinic-like nature. The vertical structure of the geopotential height field is constructed by meridionally averaging over the latitude 30
• N. The response from the negative phase composite with respect to the C-E European SAT in 20CRv2 is shown in Fig. 4a . Additionally, the same geopotential height field for the negative AMV forced ENTIRE, EXTRA-TROP and TROP experiments are shown in Fig. 4b-d .
The response from the ENTIRE experiment shows a baroclinic nature of the positive surface geopotential height over the north-eastern Atlantic Ocean (30
• W-10 • E), which is the west of Europe (Fig. 4b) . Similarly, considering the significant region, the EXTRA-TROP experiment displays a baroclinic-like vertical structure of the surface high over the same region (Fig. 4c) . Moreover, the vertical geopotential height structure of the ENTIRE experiment closely resembles the structure of the EXTRA-TROP experiment with two equivalent barotropic lows surrounding the baroclinic high. Therefore, it is apparent that under negative AMV forcing conditions the model atmospheric response over the NAE region is mainly contributed by the extra-tropical branch of the AMV. Further, the negative phase composite from the 20CRv2 shows a vertical structure similar to the structure in the ENTIRE as well as EXTRA-TROP experiments with the same baroclinic surface high surrounded by two barotropic lows (Fig. 4a) . From the TROP experiment it is evident that the tropical negative AMV SST anomaly forcing has no significant effect over the extra-tropical region in the negative AMV phase (Fig. 4d) . Hence, it implies that the model response to the extra-tropical negative AMV forcing can closely replicate the overall nature of the observed response in the negative AMV phase over the NAE region and also the model can simulate the observed baroclinic like nature of the positive surface height anomalies over the north-eastern Atlantic Ocean from the negative extratropical SST anomalies.
According to the linear quasi-geostrophic theory, a baroclinic response from the mid-latitude diabatic heating can further be confirmed, if the heating is balanced by horizontal temperature advection under the quasi-geostophic approximation (Hoskins and Karoly 1981; Kushnir et al. 2002) . Hence, to confirm the baroclinic nature and the similarities in the response from the negative AMV phase EXTRA-TROP experiment and in the 20CRv2, Fig. 5 shows the meridional temperature advection ( −v �ȳ ) response, which is the dominant horizontal advection term in the thermodynamic energy equation (Ghosh et al. 2017) . The v ′ is the deviation of the meridional velocity from the zonal mean and ȳ is the meridional gradient of the zonal mean potential temperature ̄ . The positive values denote the advection is north-ward and the negative values denote that the advection is south-ward. The response in the EXTRA-TROP experiment shows cold air advection over the European region and warm air advection over the negative SST anomalies in the northwestern Atlantic Ocean (Fig. 5b) . This temperature advection pattern follows the surface high that we see in the SLP response over the NAE region (Fig. 3b) . The temperature advection response over the NAE region in the 20CRv2 for the negative phase composite is very similar to the response seen in the experiment, with cold air advection over the Europe and warmer air advection over the north-west Atlantic Ocean (Fig. 5a ). This close resemblance strongly suggests that the model generated response in the negative AMV phase EXTRA-TROP experiment is following a linear quasi-geostrophic response to the midlatitude cooling, as elaborated in Ghosh et al. (2017) .
Response from the tropical part of the AMV
The analysis of the SAT, SLP and geopotential height in the negative AMV phase of the model experiments have shown that the tropical part of the AMV SST anomaly is not affecting the European summer climate. Previous studies have mentioned that the tropical SST anomalies lead to linear response in associated precipitation anomalies and eventually in tropical circulation anomalies (Gill 1980; Sutton and Hodson 2007) . The changes in the circulations affect the tropical part of the North and South American continent (Sutton and Hodson 2007; Hodson et al. 2010) . In our experiments, we indeed find the similar linear response from the tropical AMV SST anomalies. The negative AMV SST anomalies lead to negative precipitation anomalies and upper level convergence over the tropics (Fig. 6a, b) . The response is very linear when compared with the response from the positive tropical AMV SST anomalies (Fig. 10c, f) . Nevertheless, the response from the tropical AMV SST anomalies to extra-tropics is not linear. The tropics can affect the extra-tropics through poleward propagating stationary Rossby waves. The RWS response in Fig. 6c from the TROP negative AMV experiment shows no clear Rossby wave propagation over the midlatitude. Whereas in the TROP positive AMV experiment, we can see a prominent Rossby wave propagation signature over the midlatitude and especially over Eurasian continent (Fig. 11c) . It could be the reason why in our model experiments we do not see any influence on the C-E European SAT from the tropical AMV SST anomalies in the negative phase compared to the positive phase (Fig. 2e, h) .
Irrespective of the model responses from the tropical part of the AMV SST, we should keep in mind that the SST is non-interactive in our experimental setup. There is growing evidence that the tropical part of the AMV SST is atmosphere driven (Brown et al. 2016; Yuan et al. 2016; Greatbatch 2016, 2017) . In that case, the response from the tropical part of the AMV, which anyways fails to reproduce the observed response, is merely an outcome of the experimentalsetup. Moreover, we can see that this spurious response from the tropical AMV SST also affects the quality of the well simulated desired response from the extra-tropical AMV SST in the ENTIRE experiment (Fig. 3) . 
Atmospheric pathways during the positive AMV phase
Sea level pressure and vertical structure of the geopotential height
The response in the positive phase composite with respect to the C-E European SAT index from the 20CRv2 is shown in Fig. 7a . Further, the SLP response in the ENTIRE, EXTRA-TROP and TROP experiments for the positive AMV phase are shown in Fig. 7b-d . It is apparent that for all of the model experiments, the SLP response to positive AMV SST anomalies has no resemblance to the SLP response in the 20CRv2 over the NAE region. The clear presence of the intense surface low pressure anomaly over the west coast of the European continent and the associated wave train, the observed NEW response, is missing in the experiments. The inability to simulate the NEW response leads to the failure to simulate the observed SAT response over the C-E Europe (Fig. 2) . Moreover, over the tropical part, the responses in the TROP and ENTIRE experiments show a surface low over the western tropical Atlantic Ocean. However, in the 20CRv2, the surface low is over the eastern tropical Atlantic Ocean. This suggests a western tropical Atlantic forcing in the sensitivity experiments during the positive AMV phase, which we do not find in the reanalysis.
For the ENTIRE experiment, the SLP response displays a negative SLP anomaly over the western to central North Atlantic region (Fig. 7b) . In the case of the extra-tropical AMV, there is a negative SLP anomaly pattern located over the western North Atlantic Ocean at around 40
• N (Fig. 7c) . Figure 1d shows strong positive SST anomalies just below the negative SLP anomalies, hence, indicating convection from localized heating over this region (Fig. 10b) . The SLP response in the TROP experiment shows a negative SLP anomalies over the Caribbean region, similar to the ENTIRE experiment (Fig. 7d) . Further, the SLP response consists of surface high pressure north-east of the low, which however is not significant. The surface high is followed by a surface low pressure anomaly downstream. The pattern resembles the SLP signature of a stationary Rossby wave emanating from the tropics due to positive tropical SST anomalies and associated positive precipitation anomalies (Terray and Cassou 2002; Wulff et al. 2017 ). This aspect is further explored in the next section. The SLP pattern over the NAE region however has similarities with both the tropical and extra-tropical AMV forced experiments. This indicates that both the tropical and extra-tropical branches of AMV play a role to determine the overall atmospheric response over the NAE region in the positive AMV phase of the model. However, the response over the C-E European region seems to be mainly controlled by the tropical branch of the AMV (Fig. 2f-h) . We investigate the 500 hPa geopotential height fields to understand the vertical structure of the atmospheric responses. The geopotential height responses to the entire, extra-tropical and tropical North Atlantic positive AMV SST anomalies are shown in Fig. 8a-c . In case of the entire AMV SST anomalies, the surface low over the south of Atlantic Canada is diminished in magnitude at the upper levels (Fig. 8a) . However, the following north-eastward high pressure anomaly and low pressure anomaly further downstream seem to get strengthened in the higher altitudes. This indicates a barotropic nature of the response over the extratropics, similar to the stationary Rossby waves (Terray and Cassou 2002) . Apparently, this wave-like response creates a favorable situation to advect the colder winds from the higher latitudes to the C-E European region. The response in height fields at 500 hPa for the TROP experiment shows a very similar atmospheric pattern over the NAE region, especially over Eurasia, indicating a dominant contribution from the tropical branch of the AMV through stationary Rossby wave generation (Fig. 8c) . The extra-tropical AMV response also displays almost similar atmospheric pattern over the mid-latitude, where the surface low over the south of Newfoundland is diminished in the upper levels and the downstream high pressure is strengthened (Fig. 8b) . Nevertheless, the low pressure response over the European region, which plays a crucial role to bring colder winds to C-E Europe, is much weaker than in the ENTIRE experiment and not significant compared to the TROP experiment. These results further assures that the response over the C-E Europe during the positive AMV phase in the model, is mainly due to the tropical branch of AMV through stationary Rossby waves. In the positive AMV phase experiments, the barotropic and baroclinic natures of the responses over the midlatitudes are shown through the vertical structure of the geopotential height fields averaged over the latitude 30
• N (Fig. 9 ). Over the North Atlantic Ocean (80
W/E), the response in the ENTIRE experiment is having a baroclinic low (45
• W and westward) and an equivalent barotropic high east of the low (Fig. 9a-c) . A similarly strong and significant high at the upper levels can be seen in the EXTRA-TROP experiment. . The dotted regions denote areas with significance at the 95% confidence level However, the response over the North Atlantic Ocean in the ENTIRE experiment appears to be stronger than TROP and EXTRA-TROP experiments alone and it is almost the combination of the responses from these two experiments. Whereas proceeding towards the east, the response over the European region (0 • E-40
• E) shows a significant low pressure anomaly with a barotropic structure only in the ENTIRE and TROP experiments. This again indicates that during the positive phase, the model response over the European region is mainly influenced by the tropical AMV.
Tropical AMV influence
The dominant role of the tropical branch of the AMV in the positive phase of the model experiments is briefly shown through the precipitation and 200 hPa velocity potential responses for the ENTIRE, EXTRA-TROP and TROP experiments in Fig. 10 . Typically, the tropical offequatorial heating produces a Gill-type response, which can be detected through high positive precipitation anomalies and strong upper level divergence of the wind (Sutton and Hodson 2007; Hodson et al. 2010) . The upper level divergent wind then leads to the stationary Rossby waves, through the convergence of the wind away from the equator and/or through the interaction of the divergent flow with the jet stream, which then propagates pole-ward and east-ward (Hoskins and Karoly 1981; Sardeshmukh and Hoskins 1988) . In both the ENTIRE and TROP experiments, there are intense positive precipitation anomalies over the tropical Atlantic region (Fig. 10a, c) . Further, the 200 hPa velocity potential field shows intense negative anomalies, indicating strong divergence of the wind at the upper levels over the anomalous precipitation region in the tropics (Fig. 10d, f) . This confirms the presence of the Gill-type response from the tropics in the TROP, as well as the ENTIRE experiment. There is no sign of such response in the EXTRA-TROP experiment (Fig. 10b,  e) . However, in case of the precipitation anomalies for the EXTRA-TROP experiment (Fig. 10b) , there is a significant positive precipitation anomaly associated with the surface low over the North Atlantic ocean (Fig. 7c) . This supports the hypothesis of a convective response from localized heating, associated with the extra-tropical AMV SST anomalies. However, the point to note is that a similar response can not be seen in the 20CRv2 (Fig. 7a) . Therefore, the surface low and associated precipitation anomalies in the EXTRA-TROP experiment of the model are most certainly a model artifact and a consequence of prescribing the SST in an AGCM (Hand et al. 2014) .
The stationary Rossby wave propagation from the tropical Atlantic positive precipitation anomalies can be confirmed from the analysis of the Rossby wave source (RWS) following Sardeshmukh and Hoskins (1988) . Figure 11 shows the summer RWS anomalies in the positive AMV forced ENTIRE, EXTRA-TROP and TROP experiments compared to the control run. Both in ENTIRE and TROP experiments, where we have seen intense positive precipitation anomalies, an intense Rossby wave activity can be seen with a tropical Atlantic origin (Fig. 11a, c) . They both are in agreement with the height anomalies, where the positive vorticity source is upstream of the negative height anomalies and vice-verse (Fig. 8) . Compared to these two experiments, the EXTRA-TROP experiment shows much weaker RWS anomalies over the extra-tropics, indicating the Rossby wave like response in the ENTIRE experiment is coming from the tropical part of the positive AMV SST anomalies.
However, we must not forget that in our experimental setup the SST is not interactive, while there is a growing consensus that the tropical part of the AMV is atmosphere forced (Brown et al. 2016; Yuan et al. 2016; Greatbatch 2016, 2017) . We have also seen in our analysis that the response from the tropical AMV SST has no similarity with the response from the 20CRv2 (Fig. 7) . Therefore, the tropical AMV SST response might entirely be due to the experimental constraint. 
Discussion
The results from the sensitivity experiments show that during the negative AMV phase, the model is able to simulate the observed linear baroclinic response from the extratropical SST anomalies. However, in the positive AMV phase, the response from the extra-tropical AMV SST anomalies does not resemble the linear baroclinic response from midlatitude heating as found in 20CRv2. Hence, we do not find the similar observed SAT response over C-E Europe from the positive AMV SST anomalies in the sensitivity experiments. One of the reasons for this could be the differences in the turbulent heat flux associated with the SST anomalies in the model compared to 20CRv2. The turbulent (sensible + latent) heat flux response over the midlatitudes is shown for the positive AMV phase ENTIRE, EXTRA-TROP experiments and for the positive phase composite with respect to the C-E European SAT index from 20CRv2 in Fig. 12 .
There is a distinct difference in the heat flux response over the north-western Atlantic Ocean in the experiments (Fig. 12a, b ) in comparison to the 20CRv2 (Fig. 12c) . In both the EXTRA-TROP and ENTIRE experiments, the most intense heat flux anomalies are in the south of Newfoundland around 40
• N. Moreover, the low pressure anomaly response and the positive precipitation anomaly response coincide with the region of the intense positive heat flux anomalies in these experiments. This indicates that, the EXTRA-TROP response in the positive AMV case is originating from this diabatic heating region. However, in the 20CRv2 the most intense positive heat flux anomalies are further north-eastward, east of the Newfoundland, around 50
• N. It could be possible that due to the model deficiency to simulate the exact location of the observed diabatic heating region, the model is not able to simulate the observed SLP response from the heat flux anomalies. Instead, the model tends to create a convective response from the localized heating in the south of Newfoundland at around 40
• N. It is also worth mentioning that we compare here the reanalysis with the prescribed SST experiments. Using sensitivity experiments with prescribed SST anomaly patterns are a common and appropriate method to study the atmospheric response to specific ocean modes. However, a crucial difference to observations/reanalysis is, that the feedbacks from the atmosphere to the ocean can not be reproduced in prescribed-SST setup. The previous studies have provided mounting evidence that the atmosphere could drive the tropical part of the AMV (Brown et al. 2016; Yuan et al. 2016; Greatbatch 2016, 2017) . In particular, the cloud feedback plays an important role to modulate the SST anomalies (Brown et al. 2016 ). In our study, the major differences from the reanalysis are indeed found due the tropical part of the AMV. Hence the lack of atmosphere-ocean feedback might have also an influence behind the differences in the atmospheric responses in the reanalysis and in the experiments.
On the other hand, apart from AMV, the effect of the oceanic forcing from the tropics on the European climate need not be an atmospheric model artifact under prescribed SST. A previous study has shown by comparing reanalysis and the model results, that the tropical SST anomalies can influence the European summer climate by generating Rossby waves (Wulff et al. 2017) . In their study, the observed Summer East Atlantic Pattern is suggested to be generated by the tropical Pacific positive SST and associated precipitation anomalies. In our study, a similar Rossby wave response has been shown from the tropical Atlantic positive SST anomalies. Due to the difference in the location of triggering SST and precipitation anomalies, both Rossby wave patterns are not in phase over the extra-tropics.
To partly incorporate the atmosphere-ocean feedback, a similar set of experiments have been performed to understand the impact of AMV, but with coupled models, where the SST is restored to AMV over the North Atlantic and elsewhere the ocean is free to interact with atmosphere and ocean circulations (Ruprich-Robert et al. 2017) . Their study could show summer warming over the Eurasian continent with the positive phase of AMV. However, the cause or origin of the warming and its comparison with the observed responses are not shown in this study. Given the considerable climatological SST biases in the coupled models, especially over extra-tropical North Atlantic (Jungclaus et al. 2013; Wang et al. 2014 ), a similar SST restoring experimental setup could be helpful to understand the summer response of AMV on Europe in the coupled models. The non-linearity in the atmospheric response over the extra-tropical region between the positive and negative AMV phase experiments could be due to the non-linearity in the AMV forcing itself. The sum of the SST conditions between the positive AMV forcing and the negative AMV forcing is shown in Fig. 13 . It clearly shows that the positive and negative AMV forcing is not entirely linear. The positive values denote the regions where the positive AMV forcing is stronger and the negative values denote the opposite. The positive AMV forcing is stronger over the western tropical Atlantic Ocean and the east coast of North America. This region is more sensitive to generate the stationary Rossby wave response (Terray and Cassou 2002) which we indeed find in the positive AMV experiments (Fig. 11) . Whereas the negative AMV forcing is stronger over the north-western, eastern Atlantic Ocean and over the eastern tropical Atlantic Ocean. The strength of SST anomalies over the north-western Atlantic Ocean, east of Newfoundland, is the main region for generating linear baroclinic response from midlatitude heating. Therefore, this indicates that the magnitude of SST anomalies over the north-western Atlantic Ocean is stronger in the negative AMV phase than in the positive AMV phase and, hence, we have been able to see the observed NEW response in negative AMV phase of the model. It would be interesting to see if the model is able to simulate the observed NEW response in the positive phase, when the negative AMV forcing is applied after changing its phase by multiplying with − 1. This will make the forcing stronger over the desired location and also will enable us to understand the response with the linear forcing. However, as described earlier, the lack of interactive SST might still limit our ability to simulate the observed response.
It is also worth mentioning that a low resolution version of the model (approximately 2
• grid) is used for our experiments and we could capture the observed response on the European climate in the negative AMV phase. Increasing the resolution could provide us with an improved climate state, which might lead to further improvements in the responses simulated by the model.
As a matter of fact, the findings of this study is based on a single model analysis. To understand the robustness of the results in different model frameworks, it is essential to conduct further a multimodel analysis of the observed AMV impact on European summer climate.
Conclusions
The results from the AMIP type sensitivity experiments with the negative and positive AMV forcing can be summarized as follows:
• In the negative AMV forced experiment, the SAT response over C-E Europe shows negative anomalies, similar to the observed anomalies for decadal mean SATs in the negative AMV phase, as found in Ghosh et al. (2017) . • The SAT response over C-E Europe in the negative phase is due to the extra-tropical branch of the AMV, in association with a baroclinic response from the extra-tropical SST anomalies. The SLP response in the extra-tropical AMV forced experiment shows very high resemblance with 20CRv2.
• The analysis of the meridional temperature advection and the vertical structure of the geopotential height field reveal that the response from the negative extra-tropical AMV experiment shows similar characteristics of the observed NEW mode.
• The SAT response in the model from the positive AMV forced experiments shows negative anomalies over the C-E European region, which is opposite from the observed anomalies in decadal mean SATs as in Ghosh et al. (2017) . • The SAT response over the C-E European region in the positive AMV phase experiments is mainly generated by the tropical branch of the AMV. The response has no similarity with the 20CRv2 and it could be due to the tropical part of the AMV in reality being atmosphere driven.
• The results for SLP, 500 hPa geopotential height field, precipitation, and 200 hPa velocity potential field strongly suggest that the tropical positive SST anomalies in the model tend to emanate a stationary Rossby wave response, which then propagates towards the extra-tropics. This creates an atmospheric condition, which advects colder polar winds towards C-E Europe and brings the negative SAT anomalies.
Altogether, we can conclude that the model SAT response over C-E Europe with the positive AMV forcing is opposite to what we have found in the reanalysis (Ghosh et al. 2017) . However, in case of the negative AMV forcing, the model is indeed able to simulate the observed SAT response over the C-E Europe and the related dynamical mechanism shows the characteristics of the observed linear baroclinic response to diabatic heating.
